Gravitational waves have been detected from a binary neutron star merger event, GW170817. The detection of electromagnetic radiation from the same source has shown that the merger occurred in the outskirts of the galaxy NGC 4993, at a distance of 40 megaparsecs from Earth. We report the detection of a counterpart radio source that appears 16 days after the event, allowing us to diagnose the energetics and environment of the merger. The observed radio emission can be explained by either a collimated ultrarelativistic jet, viewed off-axis, or a cocoon of mildly relativistic ejecta. Within 100 days of the merger, the radio light curves will enable observers to distinguish between these models, and the angular velocity and geometry of the debris will be directly measurable by very long baseline interferometry.
O n 17 August 2017, the Advanced Laser Interferometer Gravitational Wave Observatory (Advanced LIGO) detected a gravitational wave signal, GW170817, which was rapidly identified to be associated with the inspiral and coalescence of two neutron stars (1) . A burst of gamma rays, GRB 170817A, was detected approximately 2 s after the gravitational wave detection by the Gamma-ray Burst Monitor (GBM) of the Fermi Gamma-ray Space Telescope (2) (3) (4) . With the addition of data from the Advanced Virgo interferometer, the source of gravitational waves was localized to an area of 28 deg 2 (90% confidence region) and a distance of 40 ± 8 Mpc (1). There were 49 cataloged galaxies within this volume, allowing astronomers to rapidly search for electromagnetic counterparts (5) . An optical counterpart, designated SSS17a, was detected within~11 hours of the event by astronomers using the Swope telescope, thereby localizing the merger to the S0-type galaxy NGC 4993 at a distance of 40 Mpc (6, 7) ; this was independently confirmed soon after (8, 9) . After the optical detections, targeted observing campaigns were initiated across the electromagnetic spectrum (10) . Subsequent optical and infrared spectroscopic observations firmly established this optical counterpart to be associated with the neutron star merger GW170817 (5).
We report a coordinated effort to use the Karl G. Jansky Very Large Array (VLA), the VLA Low Band Ionosphere and Transient Experiment (VLITE), the Australia Telescope Compact Array (ATCA), and the Giant Metrewave Radio Telescope (GMRT) to constrain the early-time radio properties of the neutron star merger. Companion papers report the ultraviolet and x-ray properties (11) and interpret the panchromatic behavior of the transient (5) . The multiwavelength counterpart to GW170817 is hereafter referred to as EM170817.
The search for a radio counterpart to GW170817
We began radio observations of NGC 4993 on 17 August 2017 at 01:46 UTC, within~13 hours of the detection of the gravitational event. These initial observations were part of a survey with the ATCA, targeting galaxies in the gravitational wave localization region as identified by the Census of the Local Universe (CLU) catalog (5) . A similar survey of these CLU cataloged galaxies also commenced with the VLA. After confirmation of a compelling optical counterpart to the merger, observations focused on the location of EM170817. Coordination among the VLA, ATCA, GMRT, and VLITE enabled monitoring on a near-daily basis at frequencies spanning 0.3 to 10 GHz (12) . Only upper limits on the radio flux of EM170817 were possible until a counterpart appeared in VLA data from observations on 2 and 3 September 2017 at a frequency of 3 GHz, and in independent observations on 3 September at a frequency of 6 GHz ( Fig. 1) (13, 14) . The ATCA also detected the source on 5 September in the 5.5-to 9-GHz band (15) . See table S1 for the entire radio data set. In observations at 3 GHz with the VLA, the source shows evidence of an increase in flux density over a time scale of 2 weeks, varying from 15.1 ± 3.9 mJy on 3 September to 34 ± 3.6 mJy on 17 September, where 1 Jy = 10 Figs. 2 and 3 ). Figure 1 shows a comparison between a near-infrared image of EM170817 and deep radio images of the same field from the VLA at a frequency of 6 GHz. The position of the radio source is RA = 13h09m48.061s ± 0.005s, Dec = -23d22m53.35s ± 0.14s (J2000 equinox), using data at 3 GHz from 8 and 10 September 2017. The optical position derived from Hubble Space Telescope observations is RA = 13h09m48.071s ± 0.004s, Dec = -23d22m53.37s ± 0.05s (16) . Within the uncertainties, the two positions are mutually consistent. We can further calculate the chance alignment of the optical counterpart to a background radio source. In these same radio data (8 and 10 September combined), the radio source has reached a flux density of 25 ± 2.2 mJy. There are 2700 sources per square degree with flux density greater or equal to this value at 3 GHz (17), resulting in a likelihood of chance alignment of 2 × 10 -5 for the positional errors shown above. The likelihood of chance alignment becomes even smaller when considering that the source has been observed to double in flux density over 2 weeks and that fewer than 4% of sources at 3 GHz vary by >30% (18) . We therefore confirm the transient to be the radio counterpart to EM170817.
Models of binary neutron star coalescence predict the emergence of an associated radio flare due to the tidal ejection of 0.01 to 0.05 solar masses (M ⊙ ) of energetic material at subrelativistic velocities (a few tenths of the speed of light) (19) (20) (21) . This ejecta material forms a blast wave as it plows through the ambient interstellar medium (ISM) surrounding the merger, producing synchrotron radiation peaking at radio frequencies, lasting months to years after the merger. The observed time scale and luminosity of the radio source are sensitive to the mass and velocity of the blast wave ejecta and the density of the ISM. Therefore, the radio emission is diagnostic of the energetics of the blast wave ejecta as well as the environment of the merger.
Binary neutron star mergers have long been proposed as a likely progenitor for short (<2 s) hard gamma-ray bursts (sGRBs) (22) , and the generation of an ultrarelativistic jet is required to account for the properties of both the GRBs and their afterglows (23) . As in the case of subrelativistic ejecta, the jet interacting with the circum-merger medium will produce radio emission. However, in this case, the resulting radio light curve depends critically on the angle between the observer line of sight and the jet (24) .
We compare our early-time radio observations with numerical models (12) for the expected radio light curves attributable to synchrotron emission from subrelativistic ejecta and an ultrarelativistic jet, as well as the interaction between these components. Where possible, we focus on a portion of the parameter space that is consistent with observations at x-ray wavelengths [see figure 5 of (5) for a schematic illustration of the model].
The subrelativistic ejecta
The radio flare produced by the subrelativistic ejecta that generates the optical and infrared emission is expected to peak on a time scale of months to years (19) (20) (21) . With the mass and velocity range inferred from the optical and infrared, its energy must be high (>10 51 erg) (5); however, with an expected velocity of 0.2c, the bulk of this ejecta cannot be the source of the radio signal that has been observed to rise within weeks of the merger. Instead, this component is expected to dominate the radio emission at late time (years). Nonetheless, this ejecta is expected to have a distribution of velocities with a low-mass fast tail that can extend up to mildly relativistic velocities, which may be the source of the observed emission (Fig. 3) . When considering the subrelativistic ejecta, we take into account the nondetection of neutral hydrogen from the host galaxy (5s mass limit of <1 × 10 8 M ⊙ ) in our recent observations with the Green Bank Telescope [GBT (12) ], which suggests an ISM density n < 0.04 cm -3 (see supplementary text). Assuming this density to be a constraining limit, the radio then requires such a mildly relativistic outflow to have a velocity v > 0.7c (Lorentz factor G > 1.4) and to carry at least 10 49 erg in isotropic equivalent energy (Fig. 3) . This is unlikely but cannot be ruled out.
A classical short hard gamma-ray burst GW170817 provides an unambiguous detection of a binary neutron star merger and therefore offers the opportunity to directly investigate the presence of an ultrarelativistic jet. The isotropic equivalent luminosity of the burst of gamma rays detected by the Fermi GBM is 4 × 10 46 erg (2-4). This is orders of magnitude lower than the peak luminosity of the classical sGRB population (10 49 to 10 52 erg; median = 2 × 10 51 erg) (23). Moreover, this gamma-ray emission is not a verylow-luminosity analog of the classical sGRB population (5) .
Therefore, the observed gamma rays cannot securely confirm the long-standing hypothesis that neutron star mergers are the progenitors of cosmological sGRBs. Within the framework of the classical short hard GRB model, there are two possibilities: (i) The jet axis was slightly offset from our line of sight but was close enough for the observed gamma rays to be a component of the regular sGRB prompt emission (hereafter called the slightly off-axis model); or (ii) our line of sight was at a large angle from the jet axis, and the observed gamma rays were generated by a different mechanism (hereafter called the widely off-axis model). Below, we explore the current radio constraints and predict the future evolution under each of these scenarios.
In the slightly off-axis model, if the gamma rays are produced by a slightly off-axis jet, then the edge of the jet cannot be more than about 0.1 rad from our line of sight (5) . The jet drives a relativistic blast wave into the ISM, which subsequently decelerates quickly. The Lorentz factor G drops to~10 within about a day, after which the beam of its emission expands to include our line of sight, thereby producing bright radio emission in our direction. The blast wave Lorentz factor at a given time depends very weakly on the jet isotropic equivalent energy E iso and the external number density n; therefore, this prediction holds for a wide range of jet and ISM parameters (25) . Figure 2 shows several predicted light curves (12) for an ultrarelativistic jet with E iso = 10 50 erg that misses our line of sight by 0.1 rad. A density of 10 -3 cm -3 , which is on the low end of the distribution of densities inferred from sGRB afterglows (26) , produces a signal that is brighter than the observed radio emission from EM170817 by more than an order of magnitude. A very low density of 6 × 10 -7 cm -3 is required to reproduce the observed light curve, which is more consistent with the intergalactic medium than with the environs of an S0-type galaxy (27) . Therefore, our radio observations strongly Hallinan disfavor a model in which the observed gamma rays were produced by a slightly off-axis luminous ultrarelativistic jet. Under the widely off-axis model, the radio data are consistent with the model for reasonable ranges of jet energy and ISM density (Fig. 3) . The radio emission from an off-axis jet undergoes a rapid rise before a broad peak, followed by a slow decline. The observed radio light curve of EM170817 is inconsistent with the sharp rise phase of an off-axis jet. Instead, the light curve implies that the observations were made around the onset of the broad peak in emission. Thus, a prediction of this model is that the radio light curve will remain at a similar brightness for the next several weeks and then start to fade. However, this model does not account for the early-time gamma-ray emission.
A mildly relativistic cocoon
The high luminosity of the optical and infrared counterpart to EM170817 requires a high mass of ejecta at subrelativistic velocities at the time of the merger (5). The observed delay between the gravitational wave signal of the neutron star merger and the Fermi-detected gamma rays indicates an additional sustained source of energy after the merger. This source of energy is likely manifested as a jet. As it expands, the jet transfers a large fraction of its energy into the surrounding ejecta, forming a hot cocoon that expands over a wide angle while traveling at mildly relativistic velocities (28) . The formation and possible eventual breakout of such a cocoon can account for many of the properties of the observed electromagnetic signatures seen after the event, from infrared to gamma rays (5) . As this cocoon propagates into the ISM, it will also produce a radio signal.
The energy coupled to the mildly relativistic ejecta depends mostly on the fate of the jet as well as its total energy. If the jet is narrow (opening angle~10°), it can drill through the ejecta and break out with an isotropic equivalent energy of~10 50 to 10 51 erg, leaving a fraction of its total energy (10 48 to 10 49 erg) in the mildly relativistic cocoon. Alternatively, if the jet is wide, it requires about 10 51 erg in order to propagate a substantial distance within the ejecta before it is fully choked, depositing all of its energy in the cocoon. A non-negligible fraction of this energy, >10 50 erg, is then coupled to mildly relativistic ejecta with G = 2 to 3 (and possibly even higher). Thus, an energetic, mildly relativistic outflow indicates a choked jet, whereas a low-energy, mildly relativistic outflow indicates a narrow jet that breaks out of the ejecta. Figure 3 shows the predicted radio emission for both scenarios (12) , assuming G = 2; both are consistent with the observed radio emission if the ISM density is about~3 × 10 -3 cm -3 (G = 3 requires a density of~3 × 10 -4 cm -3 ). Both curves are similar during the rising phase, as the radio emission is generated by the forward shock propagating into the ISM with luminosity Fig. 3 . Radio light curve is consistent with either an off-axis jet or a cocoon. Light curves are shown for both proposed cocoon models: a high-energy cocoon attributable to a choked jet (red solid curve) and a low-energy cocoon with jet breakout (black dashed curve). The light curve favors the low-energy cocoon with jet breakout. For the off-axis jet, we use a jet isotropic equivalent energy E iso = 1.5 × 10 50 erg, a jet half-opening angle q j~1 2°, and an angle between our line of sight and the jet q obs~3 0°, together with an ISM density of 10 -3 cm -3 (blue dash-dot curve).
However, the light curve is consistent with a range of parameter space in jet energy and ISM density. For each set of jet and observer angle, there is a single solution (namely n and E ) that fit the data, which cannot be distinguished from the light curve. The pink dotted curve is a model that represents the expected radio emission attributable to the high-velocity tail of the subrelativistic ejecta, which is yet to be ruled out. All the models indicate an ISM density of~10 -3 to 10 -2 cm -3 , which in turn is consistent with constraints from H I upper limits (supplementary text). We predict that within the first 100 days of the merger, the radio light curves will enable one of these models to be distinguished. that depends only on velocity (for a given density). This velocity is constant during the rising phase. During this phase, the radio flux at a given band rises as time t 3 over a wide range of parameters, regardless of the shock velocity (whether Newtonian or relativistic), cocoon energy, or ISM density. The emission peaks when the entire energy of the cocoon is deposited in the ISM and the shock starts to decelerate. Thus, an energetic cocoon may become much brighter several months after a merger, whereas a low-energy cocoon persists for much less time. The current data marginally favor the low-energy cocoon model (jet breakout) over the energetic cocoon (choked jet). We predict that the radio light curves will definitively allow us to discriminate among an energetic cocoon, a low-energy cocoon, and an off-axis jet model within 100 days of the merger.
Consistency with the x-ray observations
All the models that we have considered predict an optically thin spectrum, consistent with our radio observations ( fig. S4) , with a single power law between the radio and the x-rays,
, where F n is flux density, n is frequency, and b is the spectral power-law index; in turn, b depends on the electron distribution power-law index, p, as b = (p -1)/2. Thus, all our models predict the same x-ray flux around the time that the radio emission was detected. This flux is broadly consistent with the x-ray measurement at 15 days (29, 30) if b = 0.5 (p = 2). This spectral index and value of p are lower than typically observed in GRB afterglows, although there are afterglows where such values are measured (31) . If p > 2, then the models of the radio emission predict an x-ray flux that is lower than the observed one. In that case, the observed x-rays must not be produced by the blast wave that propagates into the ISM, but by some other source.
Imaging the fireball of GW170817
Our models predict differing sizes for the expanding radio-emission region (Fig. 4) . Radio observations can directly and indirectly constrain the size of the expanding fireball, as has been demonstrated in the case of long GRBs (32, 33) .
Radio sources of compact size can be observed to vary, sometimes by a large degree on short time scales, as a result of interstellar scintillation due to propagation through the ISM of our own Galaxy. This variability, analogous to the twinkling of compact objects observed at optical wavelengths, can be used to indirectly measure the size of compact radio sources (34) . Using a simple model of the ISM in our Galaxy, inferred from observations of pulsars (35), we predict that the radio counterpart to EM170817 will be subject to refractive scintillation in the strong scattering regime. In fig. S5 , we calculate the expected modulation index and characteristic time scale for scintillation of the various possible components of ejecta; we find the degree of modulation unlikely to be useful in constraining the source size, given the low signalto-noise ratio of the radio detections, except in the case of subrelativistic ejecta. Conversely, this suggests that the light curves presented in Figs. 2 and 3 are reliable measures of the intrinsic variability of EM170817, not misidentified scintillation.
A more direct method to constrain the size of the afterglow and directly measure the outflow front velocity is very long baseline interferometry (VLBI), which has been successfully applied to the case of long GRBs (33) . We predict that EM170817 will become detectable and resolved on VLBI baselines within 100 days of the merger, providing an independent constraint on the nature of the ejecta (Fig. 4) . Fig. 4 . Predicted time evolution of the radio source size for different models. Different possible models for the radio emission from EM170817 expand at different velocities. The yellow area shows the approximate parameter space accessible to VLBI. Model parameters for the off-axis jet and cocoon models are the same as used in Fig. 3 . The subrelativistic ejecta is assumed to have a bulk velocity of 0.2c (see text). We note that this represents a conservative lower limit to the source size, as the radio emission is dominated by the fastest component of the ejecta (which can exceed 0.4c).
